Rationale A number of cancer chemotherapeutic agents have been associated with a loss of memory in breast cancer patients although little is known of the causality of this effect. Objectives To assess the potential cognitive effects of repeated exposure to chemotherapeutic agents, we administered the selective estrogen receptor modulator tamoxifen or the antimetabolite chemotherapy, methotrexate, and 5-fluorouracil, alone and in combination to mice and tested them in a learning and memory assay. Methods Swiss-Webster male mice were injected with saline, 32 mg/kg tamoxifen, 3.2 or 32 mg/kg methotrexate, 75 mg/kg 5-fluorouracil, 3.2 or 32 mg/kg methotrexate in combination with 75 mg/kg 5-fluorouracil once per week for 3 weeks. On days 23 and 24, mice were tested for acquisition and retention of a nose-poke response in a learning procedure called autoshaping. In addition, the acute effects of tamoxifen were assessed in additional mice in a similar procedure. Results The chemotherapeutic agents alone and in combination reduced body weight relative to saline treatment over the course of 4 weeks. Repeated treatment with tamoxifen produced both acquisition and retention effects relative to the saline-treated group although acute tamoxifen was without effect except at a behaviorally toxic dose. Repeated treatment with methotrexate in combination with 5-fluorouracil produced effects on retention, but the magnitude of these changes depended on the methotrexate dose. Conclusions These data demonstrate that repeated administration of tamoxifen or certain combination of methotrexate and 5-fluorouracil may produce deficits in the acquisition or retention of learned responses which suggest potential strategies for prevention or remediation might be considered in vulnerable patient populations.
Many clinical studies demonstrate cognitive deficits during and after the use of common chemotherapeutic agents in the clinical adjuvant setting for early-stage breast cancer (Schagen and van Dam 2006; Schagen et al. 1999) . Such symptoms such as reduction in verbal memory, processing speed, and the ability to concentrate are noted in these studies (Ahles et al. 2002; Brezden et al. 2000; Schagen et al. 1999 ). In contrast, other studies do not find impairments (Donovan et al. 2005; Jenkins et al. 2005) . The potential of chemotherapeutic agents to induce early menopause in female cancer patients (Ahles and Saykin 2007) suggests that synergistic impairments might be observed when chemotherapeutic agents are administered to female patients in combination with antiestrogens. Indeed, greater cognitive impairments in attention, mental flexibility, concentration, visual memory, and speed of information processing are reported for women receiving the antiestrogen, tamoxifen Castellon et al. 2004; Schilder et al. 2010) , or aromatase inhibitors such as Effects of repeated administration of chemotherapeutic agents tamoxifen, methotrexate, and 5-fluorouracil on the acquisition and retention of a learned response in mice anastrozole in their chemotherapy regimen (but see Bender et al. 2007; Schilder et al. 2009; Schilder et al. 2010 for exemestane) . These links between chemotherapy, endocrine therapies, and cognitive impairment in the clinical literature are intriguing, especially since the role of endocrine therapy remains an important element of treating hormone-sensitive breast cancer.
Preclinical studies in rodent learning models can directly assess the role of the chemotherapeutic agents on learning, memory, and brain function. For example, three weekly injections of methotrexate and 5-fluorouracil to mice produce deficits in tests of spatial memory, non-matchingto-sample learning, and delayed non-matching-to-sample learning, yet there were no changes noted in cued memory or a discrimination learning test (Winocur et al. 2006 ). In the Morris Water maze and novel object recognition task, rats treated with methotrexate show deficits that correlate with decreased hippocampal cell proliferation (Seigers et al. 2008) . Cyclophosphamide and 5-fluorouracil produce transient memory deficits in a mouse step-down inhibitory avoidance-conditioning task without altering open-field behavior or locomotion (Reiriz et al. 2006) . Cognitive deficits after treatment with chemotherapeutic agents in rodents are not always observed. For example, repeated injections of cyclophosphamide or 5-fluorouracil cause a transient enhancement of both memory and hippocampal synaptic plasticity in spatial learning tasks (Lee et al. 2006) .
Our laboratory has previously examined the effects of acute injections of multiple doses of methotrexate and 5-fluorouracil and observed reduced retention of newly learned autoshaped responses in mice especially when lower doses of methotrexate were combined with 5-fluorouracil (Foley et al. 2008) . These reductions in performance occurred in mice without altering the motivation to respond for the same palatable food in a progressive ratio procedure (Foley et al. 2008) or without producing state-dependent learning in the same autoshaping procedure (Walker 2010) . In the present study, we examined tamoxifen, a selective estrogen receptor modulator for its capacity to disrupt learning and memory processes in the same autoshaping-operant procedure used previously for methotrexate and 5-fluorouracil (Foley et al. 2008; Walker 2010) . To determine how repeated treatment of these compounds would impact learning and memory in a slight variation on the previous autoshaping procedure, we selected treatment doses for the present study using multiple criteria: individual doses from our dose-response study that produced either no or moderate retention deficits without altering motor or motivational behavior (Foley et al. 2008 Walker 2010 , doses similar to treatment cycles of chemotherapy in breast cancer patients (Bonadonna et al. 2005) and estimated from allometric scaling to match these common clinical doses (S. Nagar, personal communication), and finally a previous repeated treatment study examining these agents in the Morris water maze (Winocur et al. 2006 ).
Methods
Subjects Male, Swiss-Webster mice (N =153) weighing 20-25 g were obtained from ACE Animals, Inc., (Philadelphia, PA, USA). Mice were group-housed in a vivarium maintained at 70°F and humidity at 30-40% under a 12-h light-dark cycle within polycarbonate cages with Bed O Cob bedding (Andersons Cob Products, Inc., Maumee, OH, USA). This corn-cob-based product fails to alter liver endosomes (Buddaraaju and Van Dyke 2003) . Mice had access to food and water ad libitum until behavioral testing. Twenty-four h prior to the first day of testing in the autoshaping procedure, mice were food-restricted for 24 h and weighed and then separated into individual cages with water available ad libitum. In the acute tamoxifen experiments, individual housing occurred 1 week after arrival in the vivarium, and in the chronic treatment experiments, individual housing occurred at the start of the fourth week (day 22) and after all injections had been performed (see below). All mice were maintained in accordance with the guidelines of the Institutional Animal Care and Use Committee of Temple University and the "Guidelines for the Care and Use of Mammals in Neuroscience and Behavioral Research" (Institute of Laboratory Animal Resources 2003). The highest standards of animal welfare were maintained throughout these studies, and the experiments were specifically designed to reduce the number of mice required.
Apparatus Twelve mouse experimental chambers (21.6× 17.8×12.7 cm, Model ENV-307W, MED Associates, St. Albans, VT, USA) were used, each located within a soundattenuating enclosure and connected to a computer-driven interface (Model SG-502, MED Associates, St. Albans, VT, USA) which controlled the experimental conditions and collected the data. One wall of the chamber contained three receptacles: one large dipper hole in the center (ENV 313M) and two smaller nose-poke holes on the left and right (ENV 313W). A dipper lever and dipper well were located behind the center dipper hole. The opposite wall featured a house light that illuminated the chamber during the session. Each chamber was also equipped with an audible tone device (Sonalert, 2,900 Hz, Mallory Sonalert, Indianapolis, IN, USA). Nose-poke responses into each hole were detected by photocell head entry detectors (ENV 303HD) and recorded.
Chronic injection schedule After 1 week in the vivarium, mice (n=10-12/group) were separated into six groups. On day 1, mice were weighed and injected with either saline, tamoxifen, methotrexate, 5-fluorouracil, or a combination of methotrexate and 5-fluorouracil. The injections were repeated weekly for a total of three injections over 3 weeks (days 1, 8, and 15) , and the mice were tested for acquisition on day 23 and retention on day 24.
Autoshaping procedure Twenty-four hours after food restriction, the mice began the acquisition phase of the autoshaping-operant procedure for the tamoxifen (day 1; Foley et al. 2008 ) and the autoshaping procedure for chronic treatment experiments (day 22; Vanover and Barrett 1998) . Mice were weighed and placed inside the experimental chambers for a 15-min habituation period. At the start of the session, the house light illuminated the chamber and the mice were presented a tone on a variable-interval schedule (mean of 45 s, range 4-132 s), with the tone remaining on for 6 s or until a nose-poke response occurred. If the mouse made a dipper-hole, nose-poke response during the tone, a dipper lever with 0.01 ml of a 50:50 vanilla-flavored Ensure/water solution was presented, and the tone was turned off. If no dipper-hole response was made during the tone, there were no consequences in the acute tamoxifen experiments, but in the chronic treatment experiments, the dipper lever of Ensure/water solution was presented at the end of the 6-s tone. This procedural difference was incorporated into the chronic treatment experiments to provide an additional cue to assist the mice while learning the task. Each autoshaping session lasted for 2 h or until 20 reinforced nose pokes were recorded. After the session, mice were fed 4 g of food and returned to their cages until testing again 24 h later. On the second day, all mice were placed back into the chambers for the retention test, either day 2 for the acute tamoxifen experiments or day 24 for the chronic treatment studies, and the autoshaping sessions proceeded as described above.
Drugs Methotrexate, tamoxifen citrate salt, and 5-fluorouracil (Sigma-Aldrich, St. Louis, MO, USA) were dissolved in sterile water for injection. Different groups of mice were injected i.p. with saline, tamoxifen, methotrexate, 5-fluorouracil, or a combination of methotrexate and 5-fluorouracil in volumes of 0.01 ml/g. In the acute tamoxifen experiments, mice were injected 15 min prior to the 15-min habituation period. In the combination experiments, mice received two injections, one on either side of the peritoneal cavity. All chemotherapeutic agents were stored and handled in accordance with guidelines set forth by the Temple University Department of Environmental Health and Radiation Safety.
Data and statistical analysis Each response into the center nose-poke hole in concert with the tone produced a 3-s presentation of the dipper of Ensure/water solution and was recorded as a reinforced response. Four different but related measures of acquisition and retention were determined. As a measure of the accuracy of responding, the percentage of responses during the tone (or percentage of correct responses) was determined by dividing the total number of reinforced responses made during the tone by the total number of dipper presentations per session multiplied by 100. This measure was only calculated in the chronic treatment experiments. Another measure of acquisition and retention was the adjusted latency which is determined as the time required in seconds to make the tenth reinforced response minus the time from the first reinforced response (L10−L1). This adjustment corrects for the unequal opportunity to make the first reinforced response for each mouse due to the nature of the variable ratio schedule of the tone stimulus (Vanover and Barrett 1998) . The third measure of acquisition and retention was the total number of responses in the dipper nose-poke hole during the session-regardless of the presence or absence of the tone-divided by the total session time (seconds) for each mouse. Finally, the number of responses into the left and right nose-poke holes was also recorded and divided by the total session time (seconds) for each mouse. This response-rate measure was taken as an assessment of general activity and as errors in discrimination. The data from all mice were included in data analysis from the acquisition sessions. However, the data from mice that failed to make at least ten reinforced responses during acquisition were excluded from the adjusted latency measures on the retention. The rationale for this exclusion is that it is inappropriate to evaluate the retention of a response that was insufficiently reinforced, or not reinforced at all, during the acquisition session (Vanover and Barrett 1998) .
To ascertain the mice were acquiring and retaining the autoshaped response in this procedure, paired t tests were used to compare acquisition to retention measures in the saline control groups. One-way analysis of variance (ANOVA) was used to evaluate the effects of acute tamoxifen administration on each measure relative to the effects of saline on acquisition or retention. Dunnett's post hoc test was used where significance (p < 0.05) was indicated. Two-way ANOVA was used to evaluate the effects of methotrexate treatment (3.2 and 32 mg/kg) on saline or 5-fluorouracil alone on each measure on acquisition or retention. Bonferroni's test was used where significance (p<0.05) was indicated. Finally, one-way ANOVAs were used to determine the effects of chronic treatment of chemotherapeutic agents alone and in combination on body weight relative to the effects of saline administration over the course of the 4-week experiment.
Results
Acute saline control and tamoxifen experiments Similar to the data reported in Foley et al. (2008) , mice injected with saline on day 1 acquired the nose-poke response and performed this nose-poke response with a shorter mean adjusted latency, a faster rate of responding in the reinforced dipper well, and a slower rate of responding in the non-reinforced left and right nose-poke holes on day 2 (Fig. 1) . Overall one-way ANOVA indicated significant effects of tamoxifen on autoshaped-operant responding for both mean adjusted latency (F (3, 34) =4.53; p<0.01) and rate of response in the correct nose-poke hole (F (3, 34) =8.39; p<0.003) on day 1. Although the mean adjusted latency was not different on day 1 (Fig. 1, left panel) , mice injected with 3.2 mg/kg tamoxifen responded more quickly in the correct nose-poke hole than the saline control mice (p<0.05; Fig. 1 , center panel). Mice injected with 32 mg/kg tamoxifen on day 1 responded similarly to the saline control mice on days 1 and 2 indicating that this dose of tamoxifen does not impact autoshaped-operant responding. However, increasing the tamoxifen dose to 100 mg/kg dramatically increased the mean adjusted latency (p<0.05) and decreased the rate of responding in the correct nose-poke hole (p<0.05) on day 1 during acquisition. Only three mice responded on day 1 after 100 mg/kg tamoxifen, and these three mice each earned less than ten reinforcers so were not included in the data analysis for mean adjusted latency on day 2 (Fig. 1, left  panel) . Although these mice responded more slowly on day 2 than the saline control mice, these rates of responding were not significantly different (Fig. 1, center panel) .
Effects of repeated treatment of chemotherapeutic agents on body weight All groups of mice continued to grow throughout the 4-week course of treatment and testing (Table 1) ; however, the mice treated with the chemotherapeutic agents did not gain weight at the same rate as the mice treated with saline. At the beginning of week 1, prior to any injections, all groups of mice except the 3.2-mg/kg methotrexate and 5-fluorouracil group were the same body weight. By week 3, after two injections of chemotherapeutic agents, all groups of mice weighed significantly less than the salinetreated mice (F (6, 113) =6.67; p<0.0001). This trend continued so that by week 4, 1 week after the last injection and 24 h after food restriction, all groups of mice weighed significantly less than the saline-treated mice (F (6, 113) =10.2; p<0.0001).
Repeated saline control experiments From day 23 to day 24, the saline control mice significantly increased the percentage of correct responses from 32%±3.6% to 59%±4.4% (t=6.1, p≤0.0002; Fig. 2a, e) , decreased the mean adjusted latency from 2,052±334 to 810±96 s (t=5.7, p≤0.0004; Fig. 2b, f) , and increased the overall rate of responding into the dipper well from 0.17±0.021 to 0.37±0.052 resp/s (t=3.9, p≤0.003; Fig. 2c, g ), respectively, indicating that repeated saline treatment does not impair the capacity of the mice to learn and retain autoshaped responses. Although the nonreinforced nose-poke response rate decreased from 0.0065± 0.00077 to 0.0021±0.00042 resp/s (Fig. 2d, h ), this response rate was not significantly different than the rate on day 23. One mouse in the saline group (n=22) failed to earn ten reinforcers on day 23 indicating an individual acquisition deficit; therefore, the adjusted latency data from this mouse were not included in the day 24 retention analyses or figures.
Repeated treatment of single chemotherapeutic agents Overall, the effects of repeated administration of tamoxifen on behavior were significantly different than the effects of repeated administration of saline for every performance measure on both days 23 and day 24 with the exception of the non-reinforced response rate on day 24 (Fig. 2) . On day 23, prior administration of tamoxifen decreased the percentage of reinforcers earned (p≤0.01; Fig. 2a ), increased mean adjusted latency (p≤0.02; Fig. 2b ), decreased rate of responding in the dipper well (p≤0.01; Fig. 2c) , and decreased the non-reinforced response rate (p ≤ 0.02; Fig. 2d ). On day 24, prior administration of repeated doses of tamoxifen decreased the percentage of reinforcers earned (p≤0.001; Fig. 2e ), increased mean adjusted latency (p≤ 0.02; Fig. 2f ), and decreased overall rate of responding in the dipper well (p≤0.01; Fig. 2g ). Repeated administration of methotrexate alone did not significantly alter any day 23 acquisition or day 24 retention measure relative to repeated saline administration (Fig. 3 ). There were significant overall increases in mean adjusted latency for 5-fluorouracil relative to saline and methotrexate alone for both the acquisition (F (1, 102) =4.48; p<0.04; Fig. 3b ) and retention (F (1, 93) =9.36; p<0.003) measures (Fig. 3f ) and significant overall decreases in the response rate in the non-reinforced nose-poke holes on the acquisition day (F (1, 102) =5.23; p<0.02; Fig. 3d ). One mouse in the 32 mg/kg methotrexate group (n=22) and two mice in the 5-fluorouracil group (n=22) failed to earn ten reinforcers on day 23; therefore, the adjusted latency data from these mice were not included in the day 24 retention analyses or figures. The observation that these three mice did not complete ten reinforcers during the 2-h session demonstrates an acquisition deficit for these mice.
Effects of repeated administration of methotrexate in combination with saline or 5-fluorouracil Overall, twoway ANOVAs revealed that methotrexate treatment produced significant changes to the percentage of reinforcers earned on day 23 acquisition (F (2, 102) =7.34; p<0.001; Fig. 3a ) and day 24 retention (F (2, 102) =8.23; p<0.0005; Fig. 3e ), the mean adjusted latencies on day 23 acquisition (F (2, 102) =3.57; p<0.03; Fig. 3b ) and day 24 retention (F (2, 93) =5.74; p<0.005; Fig. 3f ), and the dipper response rates on day 23 acquisition (F (2, 102) =5.05; p<0.008; Fig. 3c ) and day 24 retention (F (2, 102) =9.37; p<0.0002; Fig. 3g ). In addition, the dose of 3.2 mg/kg methotrexate in combination with 75 mg/kg 5-fluorouracil produced greater deficits during the retention session for mean adjusted latencies relative to the effects of saline, 3.2 or 32 mg/kg methotrexate alone, 75 mg/kg 5-fluorouracil alone, or the combination of 32 mg/kg methotrexate and 75 mg/kg 5-fluorouracil (p<0.05; Fig. 3f ). In the present study, four mice in the 3.2-mg/kg methotrexate and 5-fluorouracil group (n = 10) and two mice in the 5-fluorouracil group and 32 mg/kg methotrexate group (n=22) failed to earn ten reinforcers on day 23; therefore, the adjusted latency data from these mice were not included in the day 24 retention analyses or figures. The observation that these six mice did not complete ten reinforcers during the 2-h session demonstrates an acquisition deficit in these mice.
Discussion
In our study, using autoshaped responding as a model for learning and memory, mice treated with saline readily acquired a nose-poke response synchronized with an audible tone to earn palatable food reinforcers. The mice retained this response the following day as indicated by (1) an increase in the percentage of correct responses, (2) a decrease in the latency to earn ten reinforcers, and (3) an increase in the response rate in the reinforced nose-poke hole similar to previous studies (Foley et al. 2008; Barrett and Vanover 2003) . Tamoxifen, given acutely 30 min prior to the acquisition session, did not impair acquisition or retention up to doses of 32 mg/kg. The higher dose of 100 mg/kg tamoxifen did, however, completely disrupt responding during the acquisition session. Twenty-four hours later, the mice responded during the retention session, albeit slowly, with four of the six mice earning all 20 reinforcers suggesting that the behaviorally suppressant effects of 100 mg/kg tamoxifen are diminished by 24 h. This dose of 100 mg/kg tamoxifen in mice would be considered a high, but still clinically relevant dose, as converted from the usual regimens used in adjuvant breast cancer chemotherapy (Kisanga et al. 2003; Robinson et al. 1991) . Although 32 mg/kg tamoxifen did not produce any overt effects on autoshaped learning when injected acutely, three weekly repeated injections significantly disrupted all measures of learning and memory. On days 23 and 24, 32 mg/kg tamoxifen produced the greatest effects by a single agent on the acquisition, consolidation, and/or retention of autoshaped responding. The inclusion of tamoxifen in our study is important because such antiestrogenic drugs are commonly used in breast cancer pharmacotherapy (Jones and Buzdar 2004) , and a series of cognitive impairments have been reported for patients receiving tamoxifen and some but not all aromatase inhibitors (Bender 2006; Bender et al. 2001; Castellon et al. 2004; Schilder and Schagen 2007) . In mice, 10 mg/kg tamoxifen decreases escape latency in two passive avoidance tasks, delays latencies in an appetitively motivated Tmaze, and impairs retrieval but not acquisition of spatial information processing in the Morris water maze (Chen et al. 2002a, b) . Similarly, tamoxifen disrupts the consolidation and retrieval of morphine-associated contextual memory in mice (Esmaeili et al. 2009 ). The observation that tamoxifen disrupts consolidation and retrieval in a range of preclinical rodent models and after repeated treatment in the autoshaping procedure described here supports the clinical findings that tamoxifen can disrupt cognitive function in breast cancer patients. Methotrexate and 5-fluorouracil produce mixed effects in different rodent learning and memory assays. In the Morris water maze and novel object recognition task, rats treated with methotrexate show deficits suggesting impairments of spatial memory (Seigers et al. 2008 ) and rats treated with 5-fluorouracil reduce freezing time in a context-dependent conditioned emotional response test and deficits in object location recognition (ElBeltagy et al. 2010) . In contrast, methotrexate did not alter learning in a conditioned taste aversion test that included a featurenegative discrimination task (Stock et al. 1995) , cued memory or a discrimination task in the Morris water maze (Winocur et al. 2006) , and 5-fluorouracil injections transiently enhanced both memory and hippocampal synaptic plasticity in spatial learning tasks (Lee et al. 2006) .
In a previous study from our laboratory using the same autoshaped-operant procedure used for the acute tamoxifen experiment, acute doses of methotrexate (1.0-32 mg/kg) and 5-fluorouracil (3-30 mg/kg) were without effect, but an acute injection of 75 mg/kg 5-fluorouracil produced retention deficits without altering motivational responding in a separate progressive ratio assay (Foley et al. 2008) . Based on these acute dose-response curves for methotrexate and 5-fluorouracil, we chose the combination dose of 75 mg/kg 5-fluorouracil with a low (3.2 mg/kg) and high (32 mg/kg) dose of methotrexate to repeatedly administer in this study. After repeated treatment, methotrexate alone failed to significantly alter acquisition or retention although there was a trend for the lower dose of 3.2 mg/kg methotrexate to decrease the reinforced response rates and the percentage of correct responses earned during the retention test on the second day of testing. In our previous study, 5-fluorouracil was more effective at disrupting retention than methotrexate (Foley et al. 2008) while in this study, 5-fluorouracil also disrupted acquisition. The number of mice that completed the required number of ten reinforcers during the acquisition session was reduced in any group of mice that received 5-fluorouracil either alone or in combination. This observation indicates that the actual detriments on the retention test may be underestimated for the adjusted latency measure in these groups. Overall, the existence and the extent of a cognitive impairment in rodents after injection of methotrexate or 5-fluorouracil alone appears to be time and task dependent similar to the findings observed in the human clinical studies (Raffa et al. 2006; Vardy et al. 2007) .
Mice treated with the lower dose of 3.2 mg/kg methotrexate (but not the higher dose of 32 mg/kg methotrexate) in combination with 75 mg/kg 5-fluorouracil performed less accurately and more slowly than mice treated with saline. This observation systematically replicates previous dose-response findings from our laboratory demonstrating that acute injections of the lower doses of methotrexate in combination with 75 mg/kg 5-fluorouracil produces greater effects than the higher doses of methotrexate (Foley et al. 2008) . Other studies reveal deficits in sensory gating, spatial memory, non-matchingto-sample learning, and delayed non-matching-to-sample learning and increased freezing during fear conditioning in mice after three weekly injections of a higher dose of 37.5 mg/kg methotrexate and 75 mg/kg 5-fluorouracil (Gandal et al. 2008; Winocur et al. 2006) . These studies did not report lower concentrations of methotrexate in combination with 5-fluorouracil, however, so it is difficult to compare directly with the present study using both a high and low methotrexate dose in combination. Emerging evidence in cancer therapy suggests that drug combinations in which doses of the combination are pushed to a maximal tolerability may not provide optimal clinical efficacy (Mayer and Janoff 2007) . For example, certain ratios of cancer chemotherapeutic agents may trigger a collection of pro-apoptotic signals that leads to an amplification of tumor death (synergy) while other ratios lead to the initiation of pro-survival cellular responses (antagonism; Harasym et al. 2007; Mayer et al. 2006) . Taken together, these data suggest that certain dose ratio combinations, such as 3.2 mg/kg methotrexate and 5-fluorouracil, may be particularly detrimental to retention, other combinations may produce no effects on learning and memory, or some combinations may reverse learning and memory deficits produced by a single agent. Indeed, the higher dose of 32 mg/kg methotrexate reversed the retention impairments on some measures of autoshaped responding by fluorouracil in our study similar to the findings in cell-based studies (Harasym et al. 2007; Mayer et al. 2006) .
Both in vitro and in vivo data suggest a susceptibility of hippocampal regions to chemotherapeutic agents. In vitro immunocytochemistry and immunofluorescence studies reveal that even at standard doses or below, methotrexate and other chemotherapeutic agents increase cell death and decrease cell division in the subventricular zone, in the dentate gyrus of the hippocampus, and in the corpus callosum of mice and rats (Dietrich et al. 2006; Mignone and Weber 2006; Seigers et al. 2008) . Similarly, at or below clinically relevant exposure levels, 5-fluorouracil produces toxicity to central nervous system progenitor cells and nondividing oligodendrocytes. Both acute damage and a delayed syndrome of further damage to myelinated tracts are associated with altered transcriptional regulation in oligodendrocytes and myelin pathology. This occurred with only transient effects on brain vasculature endothelial cell apoptosis and inflammation suggesting that the mechanism of pathology is likely to be oligodendrocyte death and a loss of the progenitor cell population required for replacement of these cells (Han et al. 2008) . Chemotherapeutic agents assumed to have minimal penetration into the CNS actually do enter the CNS in small quantities (i.e., subclinical concentrations), and these quantities are enough to cause toxicity and damage to neural progenitor cells (Janelsins et al. 2010) . The observation that chemotherapeutic agents are more toxic to the cells responsible for hippocampal neurogenesis and neural conductance than to cancer cell lines suggests that at least transient cognitive changes are likely to be found in patients or preclinical studies even with conventional dosing of chemotherapeutic regimens.
The behavioral changes observed in the autoshaping procedure are particularly robust when taking into consideration the fact that the mice received only three injections, spaced a week apart, and were tested a full 7 days after the last drug injection. These data are consistent with the changes observed in most other preclinical studies (ElBeltagy et al. 2010; Madhyastha et al. 2002; Winocur et al. 2006 , but see Lee et al. 2006) . For example, a regimen of 3 days of 40 mg/ kg 5-fluorouracil produces progressive changes in auditory brainstem response indicative of myelin damage or myelin loss for up to 56 days after treatment (Han et al. 2008) . In humans, the effects of chemotherapeutic treatments on cognitive function can be long-lasting. In breast cancer survivors receiving chemotherapy 5-10 years prior, positron emission tomography revealed significant alterations in both cerebral blood flow in the frontal cortex and cerebellum and in resting glucose metabolism in prefrontal areas and these changes were correlated with impairments in a short-term memory recall task (Silverman et al. 2007 ). In a longitudinal study, breast cancer patients followed 1 to 12 months after chemotherapy treatment using structural and functional MRI studies revealed reduced activation in frontal brain regions during a working memory task Saykin and Wishart 2003) . Therefore, in addition to examining many agents in a number of different ratio combinations, it is important to examine the effects on cognition over time for a complete understanding of the conditions and regimens that may cause chemotherapy-induced cognitive deficits for potential prevention or remediation. Future experiments using additional treatment intervals are required to fully characterize the timeframe for the likelihood of cognitive impairments with these agents.
Although all mice remained healthy throughout the study, repeated treatment of all the chemotherapeutic agents, either alone or in combination, decreased the rate at which the mice grew over the 4-week treatment period relative to the saline-treated mice. Anorexia and emesis are common adverse reactions to a number of chemotherapeutic agents in cancer patients and can also be observed in preclinical studies. In rats, tamoxifen failed to produce a conditioned taste aversion, yet repeated tamoxifen treatment for 5 days caused anorexia via inhibition of fatty acid synthase expression specifically in the ventromedial nucleus of the hypothalamus which reversed after treatment was discontinued (López et al. 2006) . As for the cognitive effects of methotrexate and 5-fluorouracil, the magnitude of anorexic effects varies across studies. For example, 5-fluorouracil failed to alter body weight in rats whereas methotrexate temporarily decreased body weights which recovered to baseline values after 6 days. The daily food intake of the rats injected with 5-fluorouracil or methotrexate was significantly reduced for 3 days but then returned to normal on day 4 or day 5, respectively. On day 6, the rats treated with methotrexate actually had an increase in food intake as compared with prechemotherapy values (Le Bricon et al. 1995) . Three consecutive injections of 2.5 mg/kg methotrexate reduced food and water intake for approximately 5 days that again recovered and slightly rebounded after day 9 (Sinno et al. 2010 ) while 35 mg/kg 5-fluorouracil slightly decreased food intake on the day of injection but increased kaolin ingestion behavior "pica" in rats (Yamamoto et al. 2007 ) which is a model of gastrointestinal discomfort emesis behavior in rats (Takeda et al. 1993) . Methotrexate can reverse anorexia and low leptin levels in a rat model of adjuvant-induced arthritis (Jurcovicova et al. 2009 ), and injections of methotrexate, 5-fluorouracil, tamoxifen, and combinations of methotrexate with 5-fluorouracil in male (Foley et al. 2008; Walker 2010 ) and female (E.A. Walker, personal observations) mice failed to alter progressive ratio responding for the same Ensure solution used in the present study. These data suggest that while the chemotherapeutic agents used in this study are causing a degree of anorexia for a few days after injections in the mice, food intake and the motivation to respond for a palatable food reinforcer such as Ensure appears to rebound or resolve within the timeframe of 1 week at testing.
